Extract
Hormonal balance was studied in eight insulin-treated diabetic children who had excessive glycosuria. Glucose, growth hormone, and cortisol in plasma were determined every 0.5 hr for 48 hr. Total catecholamines and glucose were measured and tests for ketones done in 2-hourly collections of urine.
Intermittent hypoglycemia as Low as 20 mg/100 ml and swings of the blood sugar curve by 200-300 mg/100 ml within 2-4 hr were documented in most patients.
Peaks of growth hormone concentration in plasma (8-78 ng/ml) followed almost every sharp fall in blood glucose; these peaks were usually followed by abrupt rises of glucose and prolonged hyperglycemia.
Cortisol concentration was usually within the high normal range; there was no consistent relationship to the concentration of glucose.
Urinary excretion of catecholamines in most patients was between 1 and 6 ~l g l h r ; three patients excreted up to 8-23 pg/hr during short periods and up to 190 p g in 24 hr. The causes for the high excretion of catecholamines are unknown and may not have included hypoglycemia.
Speculation
Excessive production of growth hormone and possibly other hormonal antagonists of insulin may be provoked by hypoglycemia and other physiologic stresses in diabetic children. The resulting hyperglycemia may prompt the administration of increasing doses of insulin which, in turn, contribute to a vicious cycle of hypoglycemia alternating with hyperglycemia.
Hyperglycemia, excessive glycosuria, and ketonuria, alternating with occasional aglycosuria, may occur in diabetic patients who are treated with large amounts of insulin. Somogyi (50, 52) believed that excessive amounts of insulin resulting in hypoglycemia, often latent, were the cause of the hyperglycemia; he demonstrated that severely incapacitated patients suffering from unstable diabetes could be rehabilitated and their glycosuria could be reduced, apparently paradoxically, by gradual reduction of their insulin dose t a a fraction of the former one. Similar clinical observations were made by others (5. 44) . who confirmed the benefits of reduction of the insulin dosage.
The pathogenesis of the "Sornogyi syndrome" was a matter of speculation before the development of laboratory methods which permitted investigation of hormonal balance. Somogyi (50, 51) suspected "hormones of the pituitary-adrenal system" to play a role, particularly epinephrine. A satisfactory hypothesis would have to explain both the rapid rise of blood glucose and the prolonged state of insulin resistance which have been demonstrated after hypoglycemia.
The purposes of our studies were ( I ) documentation of the existence of sequences of hypoglycemia causing hyperglycemia in diabetic children who have excessive glycosuria (such sequences have been reported by us (8) ) and (2) elucidation of the nature of hormonal responses to hypoglycemia. At least four hormones are now known to cause elevation of blood glucose: growth hormone, cortisol, epinephrine, and glucagon; some or all of-these may be produced in response to hypoglycemia.
MATERIALS AND METHODS
Eight children were studied. The clinical features of the course of the five boys and three girls and the details of the clinical study performed in the Clinical Research Center have been reported in an earlier communication (8) . Seven of these children had exhibited excessive glycosuria and occasional ketonuria which BRUCK AND MacGILLlVRAY could not be controlled and even seemed to increase when insulin GROWTH HORMONE doses were raised. Patient J B , case 6, was admitted tlo the study as a well regulated "control" to the patients w i~h suspected Somogyi syndrome. He was considered to be o.ce of the best regulated and most cooperative and disciplined patients in the diabetic clinic of the Children's Hospital. Qu'dli.tative tests for sugar (Clinitest tablets) and acetone performed twice daily at home and quantitative measurements performed four to five times a year in the clinic always showed a slight glycosuria and had never shown acetone in his urine.
With the exception of case I, the patients were ambulatory and in their usual state of health. Highly trained nurses obtained all the blood and urine specimens and kept the children in good spirits. The children did not awake when blood specimens were obtained at night but were awakened every 2 hr to urinate.
The secretion of growth hormone and cortisol was evaluated by measuring their concentrations in plasma at 0.5-hourly intervals, that of epinephrine by. measuring the excretion of total catecholamines in 2-hourly portici-is of urine. Adequate methodology for the evaluation of glucagon activity was not available in the laboratory when these studies began. Observations in the early phases of the studv indicated that a 24-hr eeriod was insufficient for elucidation of the course of glucose and hormonal patterns; 48 hr was accepted as the mirrimal time required and yet the maximal time that could be imposed on the children. Hemoglobin and hematocrit were deterrq~ned before and after the studies: in no case was a significant fall in hemoglobin observed. CHEMICAL 
METHODS
Blood glucose was determined by the Somogyi-Nelson method (42), using 0.1 ml whole blood. The remainder of the blood was immediately centrifuged and the plasma frozen for later analysis. Human growth hormone was measured by the double antibody radioimmunoassay technique (18, 47) . Corticosteroids in plasma were measured in the laboratory of Dr. W. R. Slaunwhite by the method of Murphy (41) . Total catecholamines in urine were measured by the method of Jacobs et al. (25) at Bio-Science Laboratories (59).
RESULTS

GLUCOSE LEVELS
As described in an earlier report (8) , hypoglycemic episodes, lasting between 1 and 22 hr, occurred at varying and unpredictable times in seven of the eight patients studied, including the boy who was admitted as a control subject. Figures 1-5 illustrate some of these episodes which were often terminated by abrupt rises of blood sugar. Fluctuations of blood sugar values exceeded 200-300 mg/100 ml in either direction within 2-4 hr on many occasions.
Peaks of growth hormone concentration followed almost every sharp fall of blood glucose. In 17 studies performed in 7 patients, (observations on J D are not included in this analysis) there were 57 falls in glucose by more than 100 mg/100 mi in 2 hr. Table 1 indicates that 43 of these falls (75%) were accompanied or followed by a rise of growth hormone concentration above 8 ng/ml within 1 hr. There were 19 episodes of hypoglycemia (glucose <60 mg/100 ml); on 16 occasions, including all 12 when the glucose level was below 50 mg/100 ml, there was a peak of growth hormone concentration. Some of the peak levels of growth hormone were above 40 and up to 78 ng/ml (Figs. 1, 6 ).
"Sleep peaks" of growth hormone were not suppressed by hyperglycemia (see Fig. 3 , second night). KL and J D (Fig. 6 ) had many high spikes of growth hormone concentration, night and day, independently of blood sugar levels, other than the ones which may have been responses to sharp falls of blood sugar; in J D , the concentration was 40-71 ng/ml on 16 occasions in 48 hr. Most, although not all, of the peaks of growth hormone concentration were followed by a sharp rise of blood glucose which often remained elevated for several hours, sometimes days (Figs. 1-4 ). ' The cases of row 3 are included in the figures of rows I and 2. When they are suMracted from rows I and 2, the percentage of episodes followed by elevation of GH does not change in eilhrr group. Rows 4 and 6 are listed because growth hormone spikes at these times might be attributed to deep sleep, although sleep was not monitored in all cases and on some occasions it is known that the children were not asleep at the times of the growth hormone spikes. In general, the corticosteroid levels fluctuated in the normal range (27, 31) . Although some peaks of corticosteroid secretion were seen coincident with nadirs o r rapid falls in glucose, these could not be distinguished in height or in number from frequent peaks without relationship to the fluctuations in glucose concentration. However, the two youngest patients had multiple peaks during the day and also at midnight (see fig. 2 ) which equaled the height of those a t 8:00 A M ; the levels for JC were relatively high throughout the study. The 4:00 P M peak on July 15, 1971 for J B equaled his relatively high 7:00 A M peak of 300 ng/ml (see Fig. 5 ).
HORMONE BALANCE IN BRITTLE DIABETES
The corticosteroid data for 14 of the studies were subjected to units of regular insulin each were given before breakfast, lunch, and supper and 6 units at 10 PM, before the bedtime snack. There were no symptoms of hypoglycemia in the morning of March 29 when blood glucose concentration was 37 mg/ 100 ml. Note that the time scale is condensed compared with those of the other illustrations. (This patient was studied before the present protocol was adopted.) 17-OHCS: 17-OH-corticoids. statistical evaluation and compared with those observed in normal children in the same age group by the same method (27) . There is a suggestion that the peak time of the circadian rhythm is more variable (2:50 A M -l l:32 A M ) and that both the mean plasma level and the mean total output are higher and more variable in the diabetic children than in the normal children. However, there was no difference in the total time the adrenal gland was secreting cortisol (27) . The highest figures for mean total output were obtained for JC (three studies), R H (two studies), and JB.
An extreme elevation of corticosteroids in plasma was seen only on one occasion, in DH: four peaks of 1,150-2,150 ng/ml between midnight and 6:00 A M on July 10, 1970 (not illustrated). At this time, which followed 22 hr of hypoglycemia between July 7 and July 8, 1970 (8) , the patient had severe epilepsy and almost continuous petit mal, but no major seizures were observed a t the time of these plasma corticosteroid peaks. O n other days with similar convulsive activity, plasma corticosteroid levels were not high (see Fig. 1 ). A moderately high plasma level of corticosteroids, 430 ng/ml, occurred in R H at 2:00 A M on December 2, 1970 (Fig. 2) ; this coincided in time with a nadir of brood glucose (33 mg/100 ml) but also with a painful effort to reinsert the indwelling needle in his veins in the middle of the night.
CATECHOLAMINE EXCRETION
Total urinary catecholamine excretion was initially in the "normal" range (56) in DH who had had prolonged and repeated hypoglycemia for years; later on, values of 5-8 @g/hr were occassionally observed for him, not necessarily in response to low BRUCK AND MacGlI LIVRAY 700 Glucose. mq / I00 ml blood glucose. JC, aged 5 years. excreted such large amounts of catecholamines when first studied in February 1971, that pheochromocytoma was suspected, particularly since she also had intermittent hypertension. The large catecholamine excretion was not immediately preceded by hypoglycemia, although the patient had had documented blood sugar levels as low as 48 mg/100 ml within a few months before and after the observation. JB (Fig. 5) , whose urine at home had contained only 2.2 g glucose in 24 hr 2 weeks before the study, excreted 193 g glucose (0.2-19.8 g/hr) and a total of 198 pg catecholamines in the second 24 hr of the study. His blood pressure remained normal.
A third patient, J D , excreted over 100 pg catecholamines in 24 hr with a maximum of 8 pg/hr; this was the same patient who had extremely high peaks of growth hormone concentration in plasma (Fig. 6) . N o true hypoglycemia was documented in this patient during the study, although a hypoglycemic episode just before the observation cannot be ruled out.
Acetonuria could not be correlated with levels of hormones in blood or urine, except possibly with high catecholamine excretion in JC, JB, and JD (Figs. 5, 6 ), but "4+" acetonuria preceded high catecholamine excretion in J B .
DISCUSSION
Our observations of blood sugar levels in these eight patients, as well as in other children who could not be subjected to such extensive studies, confirm the existence in children of wide swings in blood glucose, similar to those which were discovered by means of continuous blood glucose analysis in adult "unstable diabetics" by Molnar et a/. (38, 49) . These authors d o not imply that hypoglycemia, noted in all of their records, was the cause of the instability.
Somogyi (51) demonstrated that both spontaneous and exogenous hyperinsulinism resulted in impaired glucose tolerance and that a state of "transient diabetes" could persist for 2 or 3 weeks, or even longer. after the removal of insulinomas. He insisted on attributing "the progressive deterioration of the carbohydrate tolerance in these cases to the cumulative diabetogenic effect of the repeated excitation of the adrenal-pituitary system by hypoglycemia."
Since Roth et al. (45) demonstrated the rise of plasma levels of growth hormone with starvation and with hypoglycemia in normal individuals, interest has centered on growth hormone as a major factor in raising glucose from hypoglycemic levels. Insulin-induced hypoglycemia is recognized as the appropriate stimulus for the growth hormone-releasing factor in the hypothalamus (40) . A rapid fall of glucose, rather than a specific level, may be the most important stimulus to the secretion of growth hormone (15, 33) .
Glucose intolerance becomes manifest within several hours after a (exogenous or endogenous) rise in growth hormone (28, 58) . Mintz et a/. (36) demonstrated glucose intolerance as early as 40 min after hypoglycemia produced by insulin injections in normal adults but not in growth hormone-deficient patients. They assumed the consistent rise of growth hormone secretion in their normal subjects to be the most likely cause of the glucose intolerance.
Since endogenous insulin is not produced in diabetic children, the hyperglycemic effect of the growth hormone might be expected to continue unchecked and to result in excessive hyperglycemia. Glick et a/. (15) suggested in 1965 that increased secretion of growth hormone in response to hypoglycemia might contribute significantly to the "Somogyi effect." Our results in the first four patients (DH, R H , RS, and FD) seemed to confirm this expectation. However, other observations did not establish a clear pattern. There was an occasional episode of hypoglycemia or a sharp fall of blood glucose which was not associated with a significant rise in the plasma level of growth hormone, and where the cause of the subsequent sharp rise of blood glucose was not evident from the hormone measurements. More frequently, like the patients of Fatourechi et al. (13) , our patients had peaks of growth hormone concentration at times unrelated to hypoglycemia. This was particularly striking in J D (Fig. 6 ). As noted in Table I , deep sleep could not explain the majority of the growth hormone peaks.
Molnar et a/. (37) observed a rise in growth hormone level in response to "inadvertent" hypoglycemia in 27 out of 29 episodes when clinical manifestations were present, but only in 7 out of 17 asymptomatic episodes. They imply that a variety of physical and emotional stresses, other than hypoglycemia. may be responsible for growth hormone release in diabetic patients. The close interrelations between brain catecholamines and growth hormonereleasing factors (6, 35, 39) may be most significant in diabetic children who are frequently subjected not only to hypoglycemia but also to emotional and other stresses. Rises of growth hormone in plasma in response to pain and emotional stress and, in diabetic children, with exercise, have been reported (7, 17, 20, 22) .
On the other hand, the importance of asymptomatic and unsuspected episodes of hypoglycemia as causes of insulin resistance in diabetic patients has been emphasized by Somogyi (50), Bloom et a!. (5), and Perkoff and Tyler (44); our own observations agree with theirs. Some investigators (21, 26, 46) found growth hormone levels in plasma of juvenile, insulin-treated diabetic patients to be significantly higher, both in the fasting state and during glucose tolerance tests, than in untreated, adult, nonobese diabetic patients; and Sabeh et al. (46) suspect that "insulin therapy tends to raise growth hormone levels by sudden decreases in blood sugar or by actual hypoglycemia." Other investigators (10) found normal although variable growth hormone responses in insulin-treated diabetic children, except during ketoacidosis (12, 55) or with the stress of exercise.
Although neither the secretion of growth hormone in response to hypoglycemia nor its effects on blood glucose and glucose tolerance (48, 58) in normal humans and experimental animals is in doubt, it is less clear whether growth hormone release is the only, or even the main, cause of posthypoglycemic hyerglycemia in patients with brittle diabetes. The hormonal responses to acute hypoglycemia observed in normal individuals (2, 16, 19, 36, 45) may not be the same as those of diabetic patients who have suffered repeated or prolonged episodes of hypoglycemia over many months or years. Most of the published cases of the Somogyi syndrome (5, 32,44, 50, 52), as well as our own cases 1-5 (8) . have had a history of excess insulin dosage for long periods. In these patients, the elevation of growth hormone levels in response to hypoglycemia or to a rapid fall in blood glucose and subsequent resistance to insulin seems to be fairly consistent, although a time relationship cannot be documented in every instance.
In normal persons, hypoglycemia produced by intravenous injection of insulin is followed in 30-60 min by a rise of the corticosteroids in plasma which is even more consistent than the elevation of growth hormone (19, 54) . Corticosteroid levels in plasma as well as cortisol secretion rate are known to be elevated in diabetic acidosis (24, 29, 53) . In diabetic patients without acidosis, corticosteroid levels in plasma are reported in the normal range, although they are, on the average, slightly higher than in normal control subjects (30, 53) . I n the observations reportcd here, which include 12 episodes of acute hypoglycemia (blood glucose less than 60 mg/ 100 ml) during and after which plasma corticosteroids were measured, there was no indication that hypoglycemia per se provoked extraordinary secretion of cortisol. Although secretory phases accompanied many of the hypoglycemic episodes, the plasma levels of corticosteroids were no higher than at other times during the day, usually below 200 ng/ml. Secretory phases, with peak levels usually below 200 ng/ml, accompanied only half of 45 rapid falls of glucose (more than 100 mg/ 100 ml in 2 hr). The higher levels of plasma corticosteroids seen in Figure 2 . and of urinary 17-hydroxycorticoids in Figure 4 may have had other causes such as pain or emotional arousal. From these results, it appears unlikely that cortisol is an important mediator of the hyperglycemia which follows hypoglycemia in insulin-treated patients with juvenile diabetes. The abrupt and extensive rise of blood glucose which is seen in most of these patients at times is not a characteristic effect of an increase in either exogenous or endogenous cortisol in any case; however, the prolonged insulin resistance might conceivably be related to excessive cortisol action.
The response of the adrenal medulla to insulin-induced hypoglycemia was investigated by Wallace and Harlan (57) and by Goldfien et al. (16) by measuring plasma levels of epinephrine in normal subjects after intramuscular injections of insulin. A 10-15-fold rise of plasma epinephrine levels was observed; elevated epinephrine levels persisted for 2 hr. The authors emphasized that exogenous doses of epinephrine required to terminate the hypoglycemia far exceed the presumed secretion rate of the human adrenal medulla. In psychiatric patients-receiving insulin shock therapy. the rise of the epinephrine level in plasma was considerably less on the 6th day of therapy, despite higher doses of insulin and lower blood levels of glucose, than on the 1st day. The authors (16, 43, 57) concluded that repeated insulin injections deplete adrenal stores of epinephrine and that resynthesis may require several days.
Abramson and Arky (1) concluded from studies with propranolol that endogenous epinephrine secretion is stimulated by insulin-induced hypoglycemia in normal human subjects and is responsible for the lipolysis and the increase of lactic acid in blood during the recovery period. However, since (3-adrenergic blockade does not affect the influence of epinephrine on glycolysis in the liver, they could not prove that epinephrine is the essential factor causing the rise of blood glucose from hypoglycemic levels. The short duration of the elevation of blood glucose after epinephrine injection and the decreasing rate of epinephrine production after repeated episodes of hypoglycemia would be incompatible with the assumption that it is mainly this hormone which is responsible for the prolonged glucose intolerance which has been observed after repeated and prolonged states of hypoglycemia both by us and by others (5, 8, 50, 5 1) .
This argument does not negate the concept that an acute increase in the release of endogenous epinephrine may be responsible for the ketosis and hyperglycemia associated with emotional arousal in some diabetic children, as suggested by Baker et a/. (4), who were able to block what they assumed to be the lipolytic effect of endogenous catecholamines by 0-adrenergic blockade and thus to reduce the episodes of ketoacidosis in their patients. Increased levels of catecholamines in plasma have also been observed with exercise in ketotic diabetic patients but not in well regulated cases (1 1).
Three of our patients (JB, J C , and J D ) excreted large amounts of catecholamines in the urine. The causes for this high production of catecholamines were not evident and may not have included hypoglycemia.
In some individuals, high secretion of growth hormone o r catecholamines or both may be originally initiated by psychogenic or other stimuli; these hormones may cause hyperglycemia and excessive glycosuria which lead the therapist to use high insulin dosage which, in turn, results in hypoglycemia at times. This possibility was suggested particularly in the two adolescent girls, KL and J D , who had the highest and most frequent peaks of growth hormone concentration. At the time of the tests, KL was fully mature; J D was a few months before her menarche. Enhanced response of growth hormone secretion to various stimuli has been observed in women compared with men and in men when under the effect of estrogens (14, 34) . It is possible that these responses are at least in part responsible for the clinically often noted extreme instability of some female adolescents and young adults.
Ketonuria has been well recognized as a feature of the Somogyi syndrome ( 5 , 50) . Ketosis is the result of rapid lipolysis. The p-adrenergic action of the catecholamines is the best documented hormonal stimulus to lipolysis (9) . Observations of Hollobaugh et al. (23) suggest that lipolysis may occur in vivo in humans under the influence of high levels of growth hormone as well as of catecholamines. The lipolytic effect of endogenous cortisol or glucagon in humans is less well documented; in dogs, Altszuler et al. (3) provoked lipolysis with epinephrine but not with a dose of glucagon which raised blood glucose to an equivalent level.
Although ketonuria occurred in most of our patients at one time or another, no consistent time relationship to hypoglycemic episodes was apparent. There was no significa'nt ketonuria in DH and R S at the time of the most severe Somogyi effect. The occurrence of ketonuria could not be correlated with the levels of growth hormone or cortisol in plasma; where it seemed to be correlated with the catecholamine excretion, the time relationships indicate that this catecholamine production could not have been a response to hypoglycemia, since the response of epinephrine secretion to hypoglycemia is an immediate one.
Our studies of catecholamine excretion do not provide a clear picture of the role of these hormones in the genesis of posthypoglycemic hyperglycemia. Of the urinary secretion of catecholamines, 80-90% normally consists of norepinephrine and its metabolites, whereas it is epinephrine which produces hyperglycemia. A 5-or 10-fold increase in epinephrine production might have a hardly noticeable effect on the total amount of catecholamines in the urine if it were not accompanied by an increase in norepinephrine. The two hormones or their metabolites in the urine will have to be measured individually to determine their role in the response to hypoglycemia.
Evaluation of the role of glucagon secretion in the response of diabetic children to hypoglycemia and attempts to identify the contribution of epinephrine and its metabolites to the total urinary excretion of catecholamines will be the objects of future studies. At present, it appears possible that in different patients, or in the same patient at different times, a different combination of hormonal responses operates, among which growth hormone secretion is most prominent.
S U M M A R Y
Half-hourly measurements of levels of glucose, endogenous growth hormone, and corticoids in the blood of children suspected of suffering from the Somogyi syndrome indicated that peaks of growth hormone concentration were most frequently, although not always, associated with low or falling glucose concentration and were followed by often prolonged hyperglycemia and apparent insulin resistance. Large amouts of catecholamines were excreted by several children, but since the respective contributions of epinephrine vs other catecholamines were not identified, their role in the wide fluctuations of blood glucose cannot be interpreted. Secretory phase of corticosteroids, with peak levels usually below 200 ng/ml, accompanied only half of the episodes of rapid fall of glucose level. It is suspected that both the causes and the pattern of stimulation of "anti-insulin hormones" may vary from patient to patient, but that one or more of these hormones are responsible for the hyperglycemic phases of "brittle" diabetes in children. The pertinent literature is reviewed and discussed.
